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The generally accepted conception of the symptom-complex of botulinus intoxication in human beings is best summarized by Van Ermengem (1) who wrote:
The botulism syndrome consists essentially in a group of neuroparalytic phenomena: disturbances of secretion of the gastrointestinal tract and symmetrical motor paralysis, complete or partial, probably caused by lesions of the medulla oblongata, of the pons, especially of the nuclei of the various cerebral nerves, and of the anterior horns of the spinal cord. It is characterized by an inhibition of, or increase in the secretion of saliva and of the buccopharyngeal mucus, by more or less complete external and internal ophthalmoplegia (blepharoptosis, mydriasis, paralysis of accommodation, diplopia, and internal strabismus); by dysphagia, aphonia, obstinate constipation, and retention of urine; by general weakness of contraction in all the voluntary muscles; by an absence of fever and of disturbance of the general sensation or of intelligence.
In 1894-96 Van Ermengem proved that the immediate cause of botulism in human beings or in animals is a toxin which is elaborated by the growth of Clostridium botulinum in preserved foods, and since that time there have been many attempts to ascertain the manner in which the toxin acts upon the body to produce these various signs and symptoms. The majority of investigators have followed the lead suggested by Van Ermengem by attempting to demonstrate organic changes in the cells of the nuclei of the cranial motor nerves which would afford anatomical cause for the characteristic disturbances of function.
Marinesco (2) was the first to study the tissues of the nervous system in this way, his observations being made upon the brains and cords of animals in which Van Ermengem had induced experimental botulism. He described changes in the finer structure of the ganglion cells of the brain and cord. They were most marked in the cord in the enlargements which correspond to the extremities, less marked in the medulla oblongata, pons, and peduncles, and almost absent in the ganglion cells of the cerebral hemispheres.
He observed the changes in the nuclei of the nervus hypoglossus, the nucleus ambiguus, the dorsal nuclei of the vagi, the Purkinje cells of the cerebellum, and the middle nucleus of the nervus oculomotorius, and described them as follows:
In the first stage one finds only a diminution of the chromatophilic elements extending from the periphery of the cells, but later the Nissl granules are reduced to fine powderlike granules. Still later there is absorption of the achromatophilic substance and vacuoles appear, and in the vicinity of these lesions there is proliferation of the glia cells to produce neuronophages which take up the destroyed material.
He did not find any destruction of the nerve fibers. Kempner and Pollack (3) reported similar destructive lesions in the nerve cells of the brain and cord but also found an earlier stage in the protoplasmic degeneration which they described as a "klumpige Schwellung" of the cell granules. They did not observe any proliferation of the glia cells. These authors noted that when an animal was protected from the toxin by the administration of botulinus antitoxin, the lesions in the nerve cells persisted for at least 2 weeks after the clinical manifestations had cleared up, and they were unable to demonstrate any correlation between the nerve cell damage and the severity of symptoms.
Ossipoff (4) agreed with Marinesco that the lesions in the cells were most marked in the cord, especially in the portions which supplied the nerves to the extremities, and that they were less marked in the bulb, but he also found similar lesions in the Purkinje cells of the whole brain. He stated, however, that he had not found sufficient reason to assume that the changes in the nerve cells are specific of botulism and different from changes which occur after the administration of other toxins such as diphtheria and tetanus toxins.
RSmer and Stein (5) made careful studies of the nuclei of the oculomotor nerves in monkeys which they had injected with botulinus toxin and they found tigrolysis, pycnosis, clumping of Nissl granules, and, in more advanced cases, complete disintegration of cellular structure in the impaired median nucleus. They concluded that there was sufficient histologic change in the nerve cells to account for the disturbance of function in the muscles of the eyes of these animals.
All these observers based their conclusions upon a study of the tissues of animals in which the intoxication had been experimentally produced, and there are few reports in which analogous studies have been made of the brains of human victims of botulism. Brger (6) recorded that the cells of the cerebrum were normal in the brain of a woman who died on the 16th day of the intoxication but that there was pulverization of the Nissl granules and eccentric displacement of the cell nuclei in the region of the nuclei of the oculomotor nerves. Dorendorf (7) described the central nervous system of a patient who died 15 days after the onset of bulbar paralysis, and 17 days after ingesting the botulinus poison. The ganglion cells in the spinal cord and cerebellum were intact but that there were marked chromatolytic changes in the medulla and pons and in the region of the corpora quadrigemina. Marked chromatolysis and cell destruction in the nuclei of the vagus, oculomotor, and abducens nerves were observed and in the pons there was scarcely an intact cell to be seen. There was little change in the cells of the hypoglossus nucleus and in the ganglion cells of the cerebrum.
A more recent study of the central nervous system of human victims of botulism is that of Semerau and Noack (8) who described two cases. They observed "more or less marked" changes in almost all the motor nuclei of the cranial nerves and in the tracts leading from them. These changes were especially marked in the cells of the nuclei of the vagus, glossopharyngeal, and hypoglossal nerves, and less marked in those of the facial nerves and of the nerves supplying the eyes. They reported the changes to be relatively more severe in the cells of the anterior horn of the spinal cord, particularly in the cervical region, and noted that they decreased in severity as the lumbar portion of the cord was approached.
These authors recognized the degeneration in the nerve cells by a diffuse cloudiness of the stained cell body due to blackening of the lipochrome pigments with osmic acid, by powdery destruction of the Nissl granules, and by eccentric displacement of the cell nucleus. There was shrinkage, irregularity, and fraying of the cell contour-in many instances. The motor fiber tracts of the brain stem and upper part of the spinal cord were also involved but no evidence of inflammation in the meninges was found. The conclusion was drawn that the observations had proved that in human victims of botulism there is correlation between the symptomatology of the intoxication and organic changes in the brain and spinal cord.
The published reports of studies of the finer structure of the nerve cells in victims of botulinus intoxication in the United States do not agree with those recorded in the German literature. Ophtils (9) made a careful study of the brain of one human victim of botulism in which "the nuclei studied were those of the oculomotorius (third), trochlearis (fourth), trigeminis (fifth), abducens (sixth), facialis (seventh), acusticus (eight), glossopharyngeus (ninth), vagus (tenth), and hypoglossus (twelfth) nerves." He found that: "The Nissl granules stain unusually well in all sections, especially in the large motor ganglion cells. They are quite normal in size and arrangement. Nothing unusual could be detected in spite of especially careful study of them. The nuclei of the ganglion cells are perfectly normal."
One of us (10) has had the opportunity of examining sections from the tissues of eleven other human victims of botulism which have occurred in the United States, and of a large number of animals in which the intoxication was experimentally produced. In a few of the animals, especially in cats, there was some evidence of change in the nerve cells of the motor nuclei; the cells were shrunken, the contour was irregular, the protoplasm was opaque and occasionally vacuolated, the nuclei stained poorly, and at times the whole structure of the cell was lost and there remained only a hyaline mass in the position it had occupied. But in the great majority of animals and in all the human cases in which the tissues were sufficiently well preserved to permit of study, there was no indication of the changes which have been described by the European authors, and in a series of experiments in which the vital staining methods of Kiyono (11) and Goldmann (12) were employed, there was no indication of pigment granules in any of the nerve cells such as were described by MacCurdy and Evans (13) in the damaged ganglion cells in poliomyelitis. In fact, nothing was found which could be interpreted as a probable central cause for the typical signs and symptoms of botulinus intoxication.
Analysis of the reports of the European authors shows that although they all approached the problem from the same angle there is no complete accord either in their observations or in the interpretations which they placed upon their findings, and it is difficult to correlate their findings with the disturbances which are observed in a clinical case of botulism. For instance, although among the earliest and most constant signs of botulinus intoxication are blepharoptosis, diplopia, mydriasis, and loss of accommodation for near vision, all disturbances which are caused by imperfect function on the part of the oculomotor nerves, Marinesco (2), Ossipoff (4), and Semerau and Noack (8) recorded that the lesions were relatively least numerous and severe in the region of the nuclei of the third nerves. Rmer and Stein (5) were the only ones who believed that they had demonstrated sufficient lesions in the cells of the oculomotor nuclei to account for the clinical manifestations which were observed. And again, although all clinical observers agree that while there is marked general muscular weakness in botulism there is rarely any true paralysis of the muscles of the extremities, almost all the European observers noted that the lesions are much more numerous in the nerve cells of the upper portion of the cord than in the basilar nuclei in the brain, and Semerau and Noack (8) stated that the chief site of lesion is in the cells of the anterior horns of that part of the cord which supplies the upper extremities.
If the disturbances in function which are characteristic of botulinus intoxication are dependent upon visible lesions in the ganglion cells from which the various organs receive their enervation, it is inconceivable that there should be no paralysis of the organs which receive their nerve supply from ganglion cells which show the greatest change or that there should be the most constant and severe disturbances in those whose cells are less severely damaged; and, moreover, if the disturbances in function are dependent upon organic changes in the nerve cells, one cannot understand how function can be wholly reestablished in the victims who do not succumb to the poisoning notwithstanding the fact that, as Kempner and Pollack (3) noted, the lesions may remain demonstrable in the nerve cells of animals for at least 2 weeks after all the clinical manifestations of the intoxication have entirely cleared up.
The only conclusion that can be drawn is that the method of histologic study has not established the facts as to how the botulinus toxin acts upon the body and that other methods of investigation should be employed. It is the purpose of this and of a later report to discuss the results of a series of experiments in which the disturbances of function in botulinus intoxication were studied by methods of experimental physiology and to attempt through them to explain the way in which the toxin acts upon the body.
The method of approaching the problem was suggested by the discussion of Gaskell (14) as to the significance of Dale's observations (15) upon the action of acetyl choline because of the striking fact that toxic doses of acetyl choline appear to stimulate the portions of the nervous system which are depressed in botulinus intoxication. The first series of experiments, therefore, was planned to obtain a number of quantitative physiological observations concerning the conduction of nerve impulses along the various nerves of the autonomic system in animals which had been poisoned with botulinus toxin for comparison with similar data obtained from normal animals, but it eventually became necessary to enlarge the scope of the investigation to include comparative studies of the function and rate of the onset of fatigue of the skeletal muscles of normal and of botulism animals.
The results of the experiments which deal with the effect of the toxin upon the autonomic nervous system are discussed below, those which have to do with the effect upon the nerve supply of the skeletal muscles will be described in a later report.
In order to obtain comparative data we employed the method of quantitative faradic stimulation as developed by Martin (16) in which the threshold of nerve stimulation or the intensity of stimulus necessary to cause physiological response is stated in what he describes as Z units.
The apparatus by which these readings are obtained consists of a calibrated inductorium, a Weston milliammeter, a rheostat, a battery, and a key. A vibrating reed interrupter with an interruption rate of 10 per second maintained by a separate battery is placed in the primary circuit. The current of the primary circuit has a voltage of about 2 and amperage of 0.3.
The inductorium had been previously calibrated,' the calibration depending upon the principle that " the physiological intensities of break induction shocks are proportional, other factors remaining constant, to MI the expression -where M is the mutual inductance between the primary and secondary coils, I the intensity of the primary current, and L the self-inductance of the secondary coil" (17) . The expression M for stimulation value is, therefore, Z = L I, Z being the stimulation M value, the calibration value for the particular position of the secondary coil, and I the primary current in amperes. The majority of the experiments were performed on decerebrated cats, 2 but in some experiments it was necessary to use urethane or ether anesthesia, and a number of parallel observations were made on dogs and rabbits. In all instances, excepting when specifically noted, the experiments were not begun until the animals were in an advanced stage of intoxication.'
The calibrations were done by Dr. Martin. 2 Decerebration was always done under ether anesthesia.
3 The details of the experiments referred to in this report will be discussed by Shevky in an article entitled, "A study of the physiological action of the toxin of Clostridium botulinum." EXPERIMENTAL.
I. Threshold of Stimulation of the Vagus Nerves in Normal and in
Botulism Animals.
A. For Cardiac Inhibition.
1. In the first group of experiments the tonic effect upon cardiac muscle with slowing of the heart rate was taken as the index of excitability of the vagus nerves. Both vagi were cut at as high a level as possible and the distal ends were stimulated singly or simultaneously through Sherrington electrodes. Coincident blood pressure records were obtained through a cannula inserted into the left carotid artery and connected to a Huerthle manometer.
The method of obtaining the threshold of stimulation may be briefly described as follows: A stimulus of so low an intensity that it will not induce a slowing of the heart rate is first applied, and then by gradually approaching the primary coil of the inductorium with the secondary, stimuli of successively increasing intensities are applied until a point is reached at which the physiological effect of slowing the heart rate is first observed. The point upon the calibrated inductorium at which this impulse occurs is taken as the index of the threshold of stimulation for initial physiological response, and, by means of the formula which was devised by Martin, is expressed in terms of Z units. After the threshold for initial response has been obtained the secondary coil is then moved backwards, away from the primary coil, in short steps until the point is reached beyond which no further retardation of the heart rate can be detected. From this reading is calculated the threshold of the minimum effective stimulus.
In the study of normal animals it was found that the threshold of stimulation of the vagus nerve for initial cardiac inhibition in ten cats lay between 37 Z and 406 Z with an average of 172.1 Z, in three rabbits between 89 Z and 277 Z with an average of 164.3 Z, and in one dog was 100 Z, whereas in eleven botulism cats the readings ranged between 168 Z and 2,250 Z with an average of 1,098.2 Z, in three rabbits between 1,720 Z and 2,620 Z with an average of 2,113.3 Z, and in two dogs they were 614 Z and 1,150 Z respectively (Table I) .
BOTULISM. I
The experiments showed that in normal as well as in intoxicated animals it requires a higher intensity of stimulus to induce the initial physiological response (slowing of the heart rate) than is necessary to repeat the phenomenon within a short interval after the initial retardation has been effected. In Text- fig. 1 , A is shown the record of a normal cat in which a stimulus of 192 Z was required to induce the first physiological response, although, successively, 168 Z, 129 Z, and 100 Z were sufficient to repeat the retardation; and in Text-fig. 
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1, B is the record of a botulism cat in which it required a stimulus of 1,440 Z to induce initial slowing of the heart, although after the initial response had been induced it could be repeated by a stimulus of as low as 112 Z. In the botulism animals it was found that although the initial threshold of stimulation was always high, the secondary or final threshold of minimum effective stimulus in many instances lay within the limits of variation for normal animals. 2. In order to determine whether there is any correlation between the extent of blocking of the impulse in the vagus nerves and the degree of botulinus intoxication, a series of eight cats of as nearly identical weight and size as possible was injected with botulinus toxin in sufficient quantity to cause death in approximately 48 hours. One animal was sacrificed every 6 hours after the injection so that the vagus nerve tests were recorded at approximately 6, 12, 18, 24, 30, 36, 42, and 46 hours after the administration of the toxin. Only the animals which were allowed to survive for more than 30 hours showed clinical signs of intense intoxication. The results of these experiments are shown in Table II . The animals which survived for 30 hours or less and which did not show clinical signs of botulinus intoxication showed vagus readings which were within the limits of variation for normal animals, although those of the 30 hour cat approached the upper limit of normal; but the three animals which were clinically ill and which survived for 36, 42, and 46 hours, respectively, gave vagus readings which were much higher than any observed under normal conditions.
B. For the Augmentor Effect upon the Small Intestine.
Cats were used in these experiments. After decerebration a cannula was inserted into the trachea for artificial respiration, the splanch- nic nerves were cut within the thorax, and the animals were immersed in normal salt solution which was maintained at body temperature. Both vagi were cut and placed in glass-shielded electrodes so that they received simultaneous stimulation. The movements of the exposed intestine were recorded upon a revolving drum by means of a lever which was attached to the intestine by a fine silk thread.
The method of determining the threshold values was the same as that described for the study of the vagus effect upon the heart. A stimulus of low intensity was first applied and the intensity of successive stimuli was gradually increased until the first physiological response was obtained. The coil of the inductorium was then moved back until the minimum intensity of stimulus which would cause augmentation of the intestinal movements was determined. 
It was found that there is complete analogy to the effect of stimulation of the vagi upon the heart in that it requires a higher intensity of stimulus to induce initial augmentation of the movements of the small intestine in normal and in botulism animals (Text- fig. 2 ) and that in botulinus intoxication the threshold of stimulation for initial augmentation of the intestinal movements is much higher than in normal animals (Table III) .
II. Threshold of Stimulation of the Chorda Tympani Nerve for Initiating the Flow of Saliva.
Decerebrated cats were used in these experiments. Dissections were made to expose the submaxillary and retrolingual ducts and the lingual nerve with its chorda tympani branch. The lingual nerve was ligated on either side of the chorda tympani and severed beyond each ligature so that a small stump remained by which the small nerve could be manipulated.
The chorda tympani nerve was stimulated through small glassshielded electrodes and the salivary secretion was measured by its flow through a cannula in the submaxillary duct into a graduated glass tube of small bore which was elevated at an angle of about 30°. The method of varying the intensity of the stimuli was the same as that employed in the previous experiments, excepting that it was necessary to allow sufficient time to elapse between stimulations to permit the flow of saliva to be recorded. This interval was fixed at 20 seconds. It was found that in normal animals the initial flow of saliva was induced by stimulation of from 13 Z to 70 Z, whereas in botulism animals from 70 Z to 385 Z were required (Table IV) . In the function of this nerve, as in that of the vagus, a lower intensity of stimulus will maintain the salivary flow after it has once been established (Text- fig. 3 ). 
III. Threshold of Stimulation of the Pelvic Nerve (Nervus Erigens) for Initiating Movements of the Bladder Wall and Erection of the Penis.
Decerebrated male cats were used in these experiments. The pelvic nerve was exposed and severed as nearly as possible to its point of emergence from beneath the sacrocaudal muscles. It was stimulated through shielded electrodes as in the previous experiments. In the majority of animals examined the erection of the penis and the contractions of the walls of the bladder were found to occur simultaneously. The experiments showed that in normal cats the first effective stimulus of the nervus erigens is between 16 Z and 70 Z, whereas in botulism animals it was necessary to employ from 488 Z to 848 Z before any physiological effect was produced (Table V) . In both normal and botulism animals erection of the penis and movements of the bladder wall could be induced by stimuli of lower intensity after the initial effect had been accomplished (Text-fig. 4 ).
IV. Threshold of Stimulation of the Oculomotor Nerve for Contraction of the Pupil.
By slightly modifying Sherrington's technique of decerebration it is possible to remove the cerebrum of cats and rabbits and leave the oculomotor nerves intact. The trephine opening may be enlarged sufficiently to allow direct stimulation of the nerves with a small electrode. 
L
In our series of experiments it was found that a considerable percentage of cats which were suffering from botulinus intoxication, even in advanced stages, failed to show any deviation from normal in the pupillary reflex to light. In the tests of the oculomotor nerve function, therefore, it was necessary to make comparative observations upon normal cats, cats under botulinus intoxication in which the pupillary reflex was intact, and those in which the pupillary reflex to light was lost.
The experiments showed that the same relation between the first effective stimulus and the subsequent minimum effective stimulus for pupillary contraction obtains in the oculomotor medullated fibers as in the other autonomic nerves which have been described (Text- fig. 5 ) and that, although there was practically no difference between the thresholds for initial contraction of the pupils for normal cats and the botulism cats in which the pupillary reflexes were intact, there was a marked increase in the threshold for initial contraction of the pupils in the cats in which the light reflex was lost. The values obtained in normal cats and in those without loss of pupillary reflex lay between 5.7 Z and 32.6 Z, whereas those for botulism cats which had lost the pupillary reflex lay between 280 Z and 848 Z (Table VI) . In a considerable number of the experiments blood pressure records were obtained by inserting a cannula into the carotid artery. There was no variation in the blood pressure of botulism animals which lay outside the limits of variation observed in normal animals.
VI. Effect upon the Splanchnic Nerves.
Decerebrated cats were placed upon their backs in a tank containing Ringer's solution which was maintained at body temperature, the abdomen was opened under the solution, and the movements of the intestine were observed and recorded as in the experiments upon the effect of stimulation of the vagus nerves.
It was found that the appearance of the intestines in botulism animals was identical with that described by Bayliss and Starling (18) for normal animals, and which these authors attributed to continuous tonic and reflex influences from the splanchnic nerves. When the splanchnic nerves were cut spontaneous rhythmic movements of the intestine were noted which were identical with those occurring under like conditions in normal animals, and immediately after the death of a botulism animal the same rhythmic movements of the intestine were noted that occur after the death of a normal animal. All these observations indicate that in botulinus intoxication the function of the splanchnic nerves is not lost.
CONCLUSIONS.
A survey of the results of these experiments shows, we believe conclusively, that in botulinus intoxication in cats, dogs, and rabbits there is a specific effect upon the portions of the autonomic nervous system which Gaskell (14) described as the bulbosacral and prosomatic outflows of connector fibers respectively, which results in a blocking of the nerve impulses of these nerves. The experimental as well as the clinical evidence indicates that there is no damage to the nerves of the thoracicolumbar outflow.
The exact location of the damage has not been ascertained nor has the mechanism by which the nerve impulse is blocked been determined. The experiments show, however, that the lesions in these portions of the nervous system are not of central distribution but are peripheral, and that the block cannot be due to an organic break in the conduction apparatus but must be due to some derangement which is relatively unstable. If it were otherwise it would not be possible to induce a physiological response even by massive stimulation, nor could the response be subsequently repeated by stimuli which lie within the limits of normal intensity.
The application of the results of these experiments to the clinical manifestations of botulism will be discussed in a later report after the effect of the toxin upon the skeletal motor nerves has been described.
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